e propagation and attenuation rule of blasting vibration wave parameters is the most important foundation of blasting vibration prediction and control. In this work, we pay more attention to the influence of the damage accumulation effect on the propagation and attenuation rule of vibration wave parameters. A blasting damage accumulation experiment was carried out, the ultrasonic wave velocity of the specimens was measured, and the damage value was calculated during the experiment. e blasting vibration wave was monitored on the surface of the specimens, and its energy was calculated by using the sym8 wavelet basis function. e experimental results showed that with the increase in the number of blasts, the damage continues to increase; however, the vibration velocity and the main frequency decrease continuously, the unfocused vibration wave energy in the zone near to the blasting source is rapidly concentrated in the low-frequency band (frequency bands 1 to 3), and the energy is further concentrated in the low-frequency band in the intermediate zone and zone far from the blasting source. ere is a distortion process in which the vibration velocity and the main frequency increase slightly and the energy of the blasting vibration wave converges to the highfrequency band (the 5th band) before the sudden unstable fracture failure of the specimens. e experimental results indicate that the prediction and evaluation of blasting vibration should consider the variation rule of blasting vibration wave parameters synthetically based on the cumulative damage effect, and it is not safe to use only one fixed vibration control standard for the whole blasting operation.
Introduction
In the rapid process of development of infrastructure construction in China, the blasting technique is widely adopted as an effective method during construction in the transportation, mining, municipal, hydropower, nuclear power, and other industries [1] [2] [3] .
Unfortunately, only about 20% of the energy released is utilized to fragment and displace the rock mass; the rest of the energy is wasted and produces undesirable environmental damages [4] [5] [6] [7] [8] [9] , such as ground vibration, fly rock, air shock waves, dust, and back-break. Blasting ground vibration is one of the most fundamental of these environmental damages, and high blast vibrations can cause damage to structures and nearby residential areas [10, 11] . erefore, the environmental damage induced by blasting ground vibration is always a difficult and hot problem in the blasting field.
In blasting engineering practice, some blasting projects usually require frequent and multiple blasting operations, such as in tunnel and underground space blasting excavation construction, quarry blasting construction, and so on; therefore, the ground vibration damage accumulation effect is inevitable [12] [13] [14] [15] , and the damage accumulation effects will inevitably affect the propagation and attenuation of the ground vibration wave.
A great deal of research work focused on the adverse effects of blasting ground vibration has been carried out by scholars around the world, and the prediction and control of blasting ground vibration are the central topic of study.
Statistical methods [16] [17] [18] [19] [20] [21] [22] [23] based on field and experimental test data of blasting ground vibration are the main method of summarizing the empirical equations. At the same time, besides the statistical methods, some new methods are used to explore the prediction and control of blasting ground vibration in the literature, such as the soft computing method [24] [25] [26] [27] .
e artificial neural network (ANN) method [28] [29] [30] [31] , known as flexible nonlinear function approximation, has been widely used to predict the ground vibration too, but the ANN method should be based on a large number of in situ monitoring data.
It can be seen from the above that many researchers have studied the prediction and control of blasting ground vibration. However, the studies are almost all based on single blasting operations, while the damage accumulation effect of blasting vibration is rarely considered. Moreover, the propagation and attenuation rule of the blasting ground vibration wave from the blast to nearby areas is the most important foundation of blasting vibration prediction and control.
erefore, it is necessary to carefully study the propagation and attenuation rule of blasting vibration wave parameters based on the damage accumulation effect to ensure the accuracy of vibration prediction and the effectiveness of vibration control measures.
In this paper, we pay more attention to the influence of damage accumulation effects on the propagation rule of the vibration wave. A blasting vibration damage accumulation experiment was carried out, and the propagation rule of the blasting vibration wave parameters (vibration velocity, main frequency, and energy) was found. e results obtained in this study will lead to a better understanding of the propagation and attenuation rule of blasting vibration wave parameters (vibration velocity, main frequency, and energy) with the increase in the number of blasts.
Experimental Method
In the laboratory of Henan Polytechnic University in China, experimental specimens with dimensions of 1500 mm × 500 mm × 300 mm were cast for the blasting vibration damage accumulation experiment, as shown in Figure 1(a) , and three specimens were tested to obtain the average results to minimize the uncertainty. Natural river sand with a fineness modulus of 2.9 was selected as the fine aggregate and cleaned gravel with a maximum size of 8 mm was selected as the coarse aggregate. e concrete mix proportions are given in Table 1 .
e specimens were made with a blasthole in them, the diameter and the depth of the blasthole are 16 mm and 180 mm, respectively, the explosive charge is designed as 2.5 g (the peak compressive strain at the blasthole wall that fails to cause crushing) in single blasting experiment, and the explosive selected is passivated hexogeon (RDX).
In the course of the experiment, the vibration wave was monitored on the surface of specimens by using a TC-4850 blasting vibration meter (Chendu Zkck Tech Co., Ltd.). e horizontal distances between each monitoring point and the centre of the blasthole were 5, 15, 35, 55, 75, 95, and 105 cm, respectively, as shown in Figure 1(b) . At the same time, the ultrasonic wave velocity of the specimens was measured by an NM-4A ultrasonic detector (Beijing Zhongtuo Tech Co., Ltd.) before and after the blasting test, as shown in Figure 1(c) , and the damage values were calculated using the formula
2 , where v 0 is the ultrasonic wave velocity of virgin specimens (km/s) and v is the ultrasonic wave velocity of specimens to which the vibration load has been applied (km/s). A total of 11 measuring points were arranged in the horizontal direction, the interval distance between two adjacent measuring points (mp) was 100 mm, and the first measuring point was 50 mm from the centre of the blasthole.
e test continued until fracture failure of the specimens. In order to weaken the influence of the boundary effect on the test results, the specimens were coated with 2 cm-thick butter and clamped with steel plates, as shown in Figure 1 (b).
Results and Discussion
ree concrete specimens experienced fracture failure after the 10th, 11th, and 9th blasts, respectively; therefore, only the results of nine blasting tests are analysed in this work, and the average values of ultrasonic wave velocity and blasting vibration parameters of three test blocks are taken as the final test results to minimize the uncertainty. e energy calculation and analysis are based on the experimental results of the 9th blasting vibration wave. Table 2 gives the calculation results of the blasting damage value after each blasting experiment, and the curves of the cumulative damage value versus the number of blasts are shown in Figure 2 .
Damage Study of the Specimens after the Blasting Experiment.
According to the data in Table 2 , the relationship between the damage accumulation value and the ratio of number of blasting cycles can be obtained, as shown in Formula (1):
where D i is the damage accumulation value after blasting, x i is the ratio of number of blasting cycles under the same charge, x i � i/N, N is the total number of blasts, a, b, andc are constants, and a ≠ 0. At the same time, using the test results in Table 2 to judge the monotonicity of the formula, it was found that Formula (1) is a monotonically increasing function under the experimental condition.
en, from Table 2 , Figure 2 , and Formula (1), it could be obtained directly that the damage values of all measured points increase with the increase of the number of blasts.
In the zone near to the blasting source (7-150R 0 , where R 0 is the radius of charge), the damage value and damage range are directly determined by the intensity and attenuation velocity of the explosive stress wave and explosive gas [32] . When the number of blasts was less, the damage value was larger and increased rapidly. However, the amount of charge remained constant during the test, and the degree and range of damage to the specimen increased with the increase in the number of blasts, the stress wave attenuated quickly [33] , and the explosion gas pressure quickly decreased too, so the damage increased slowly with the continuous increase in the number of blasts.
With the increase of the distance from the centre of the blasthole (greater than 150R 0 ), the explosion stress wave and explosion gas can only cause indirect damage to the specimen [34] . Due to stress concentration, microcosmic local plastic deformation occurs at the crack tip. is kind of local plastic deformation continuously accumulates with the increase in the number of blasts. When the dynamic stress intensity factor K I(t) at the crack tip increases to the critical value of crack growth K ini ID , the crack begins to expand and gradually forms a mesocrack. At this stage, the damage increases slowly with the increase in the number of blasts. 
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If the number of blasts continues to increase, the dynamic stress intensity factor K I(t) at the crack tip accumulates until it reaches to the dynamic fracture toughness K um ID of the specimen.
e microcracks gradually penetrate and form macroscopic cracks, and the crack growth rate accelerates in the form of instability. At this stage, the damage begins to increase rapidly, and a process of mutation may even occur.
e Propagation and Attenuation Rule of Blasting
Vibration Wave Parameters
e Propagation and Attenuation Rule of the Vibration
Velocity and Main Frequency. Table 3 gives the results of blasting vibration velocity and main frequency, and Figure 3 shows the variation curves of vibration velocity and main frequency with the increase in the number of blasts. In order to better understand the variation rule of particle vibration velocity, the main frequency, and the damage accumulation with the increase in the number of blasts and the corresponding relationship between them, the vibration velocity and the damage accumulation were increased 100-fold and 10000-fold, respectively, without regard to dimensional units, and then the variation curves of vibration velocity, main frequency, and damage accumulation with the increase in the number of blasts were obtained. e variation curves of monitoring points 1, 5, and 7 were obtained as shown in Figure 4 .
From Table 3 and Figure 4 , it can be seen that the velocity and main frequency of blasting vibration decrease continuously with the increase in the number of blasts, and there is a good linear relationship between them. However, the variations of vibration velocity and main frequency show the opposite trend to the damage accumulation of blasting.
According to the analysis presented in Section 3.1, the damage value of the specimen increases with the increase in the number of blasts; that is to say, the number and length of weak planes such as cracks in the test block increase, so the frequency and probability of reflection, refraction, and scattering in the process of vibration wave propagation are increased, all of which increases the propagation path of the vibration wave, and thus the vibration velocity is inevitably reduced. erefore, the vibration velocity of the monitoring point decreases with the increase in the number of blasts.
At the same time, all kinds of structurally weak surfaces play the role of low-pass filter.
e high-frequency component of the blasting vibration wave is gradually absorbed, and the proportion of the low-frequency component increases, so the main frequency of blasting vibration decreases continuously.
ere is a good linear relationship between the velocity and the main frequency of vibration.
e Propagation and Distribution of Blasting Vibration
Wave Energy. In order to analyse the energy propagation and distribution of the blasting vibration wave based on the damage accumulation effects, the wavelet basis function (error order 10-12) is used to decompose and reconstruct the measured blasting vibration signal with a scale of 8, and then the energy of the nine decomposed frequency bands is calculated.
e nine frequency bands are 0-15. Table 4 . According to the data in Table 4 , the energy distribution curve of monitoring points 1, 5, and 7 for each blast can be obtained, as shown in Figures 5(a)-5(c) . e change curves of the energy concentrated in the low-frequency band (bands 1 to 3) with the increase in the number of blasts are shown in Figure 5 (d).
(1) From Table 4 and Figure 5 , it can be seen that the energy distribution of the blasting vibration wave is scattered in the zone near to the blasting source, but with the increase in the number of blasts, the energy distribution of the blasting vibration wave is mainly concentrated in the low-frequency band. In the intermediate zone and the zone far from the blasting source, the energy of the blasting vibration wave is mainly concentrated in the low-frequency band.
A blasting vibration wave is a kind of transient wave and random wave, so it is a broadband wave with different frequencies.
e main frequency of blasting vibration attenuates rapidly with the increase of the distance from the measuring point to the blasting centre and the degree of damage to the propagation medium.
In the zone near to the blasting source, when number of blasts is smaller, the blasting damage value is small too, and the high-frequency filtering effect on the weak plane of the structure such as cracks is not obvious. e energy of blasting vibration is distributed in different frequency bands, so the energy distribution is relatively dispersed and the proportion of energy concentrated in the low-frequency band is lower. However, with the increase in the number of blasts, the highfrequency filtering effect of the weak plane of the structure is enhanced, the high-frequency component decreases rapidly, and the energy of the low-frequency band increases rapidly after the damage continues to increase. e main frequency of the vibration decreases with the increase of the distance [35, 36] , so in the intermediate zone and the zone far from the blasting source, the energy of the vibration wave is concentrated in the low-frequency band and the energy of frequency bands 1 to 3 represents more than 85% of the total energy. If the blasting times continue to increase, the damage value of the specimens will continue to increase too and the highfrequency filtering effect will be more obvious, so the main frequency decreases and the energy of the blasting vibration wave will be further concentrated in the low-frequency band.
(2) From Figures 4 and 5 , it can be seen that there is a distortion process in which the vibration velocity and the main frequency increase slightly and the energy of the blasting vibration wave converges to the high-frequency band (the 5th band) before the sudden unstable fracture failure.
After the mesoscopic crack passes through and forms a macroscopic crack, the crack growth rate accelerates in the form of instability [34, 37] , and the number of microcracks decreases in the process of macroscopic crack growth, so the high-frequency filtering effect of the sample block is weakened. At this stage, there is less energy available to expand the macrocrack [34, 37] and more of the energy carried by the stress wave is converted into vibration wave energy. So, the vibration velocity and the main frequency of the measuring point suddenly increase before fracture failure of the test block, and the energy of vibration wave is concentrated in the high-frequency band (band 5). Subsequently, the stress wave energy leaks along the macroscopic crack, the particle vibration velocity and the main frequency decrease, and the vibration wave energy is concentrated in the low-frequency band.
Conclusions
e main objective of this study is to reveal the propagation and attenuation rule of blasting vibration wave parameters based on the damage accumulation effect. Based on the test results and discussion presented in this study, the following conclusions can be drawn:
(1) e blasting damage increases continuously with the increase in the number of blasts and there is a cubic polynomial function relationship between the damage accumulation of blasting and the ratio of number of blasting cycles. However, the velocity and frequency of blasting vibration decrease continuously with the increase in the number of blasts and there is a good linear relationship between them, but the trends of the variations of vibration velocity and main frequency are contrary to that of the damage accumulation of blasting. (2) In the zone near to the blasting source, the energy distribution of the blasting vibration wave is scattered, but in the intermediate zone and the zone far from the blasting source, the energy distribution of the blasting vibration wave is mainly concentrated in the low-frequency band, and with the increase in the number of blasts, the energy distribution of the blasting vibration wave is mainly concentrated in the low-frequency band. (3) In the process of macroscopic crack expansion, there is a distortion process in which the vibration velocity and the main frequency increase slightly and the energy of the blasting vibration wave converges to the high-frequency band (the 5th band) before the sudden unstable fracture failure. (4) In practice, if the damage accumulation effect exists, it is not safe to use only one fixed vibration control standard for the whole blasting operation, and the prediction and evaluation of blasting ground vibration should consider the propagation and attenuation rule of blasting vibration wave parameters synthetically based on the damage accumulation effect.
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